Intratumor genetic heterogeneity reflects the evolutionary history of a cancer and is thought to influence treatment outcomes. Here we report that a simple PCR-based assay interrogating somatic variation in hypermutable polyguanine (poly-G) repeats can provide a rapid and reliable assessment of mitotic history and clonal architecture in human cancer. We use poly-G repeat genotyping to study the evolution of colon carcinoma. In a cohort of 22 patients, we detect poly-G variants in 91% of tumors. Patient age is positively correlated with somatic mutation frequency, suggesting that some poly-G variants accumulate before the onset of carcinogenesis during normal division in colonic stem cells. Poorly differentiated tumors have fewer mutations than well-differentiated tumors, possibly indicating a shorter mitotic history of the founder cell in these cancers. We generate poly-G mutation profiles of spatially separated samples from primary carcinomas and matched metastases to build well-supported phylogenetic trees that illuminate individual patients' path of metastatic progression. Our results show varying degrees of intratumor heterogeneity among patients. Finally, we show that poly-G mutations can be found in other cancers than colon carcinoma. Our approach can generate reliable maps of intratumor heterogeneity in large numbers of patients with minimal time and cost expenditure.
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lineage tracing | microsatellites | tumor phylogenetics H uman cancers are composed of a continually evolving population of genetically and phenotypically divergent cells (1) . This reservoir of diversity feeds the natural selection process that fundamentally drives disease progression through acquisition of metastatic properties and emergence of therapy-resistant clones (2) (3) (4) . In recent years, characterization of intratumor heterogeneity has received increased attention as advanced sequencing technologies have enabled more detailed analysis of tumor cell populations (5) (6) (7) (8) .
Depending on the context, the term "intratumor heterogeneity" refers either to differences between cells that coexist in one localized tumor region or to variation in clonal composition between spatially separated parts, most notably between a primary tumor and its metastases (in the latter case, "intracancer heterogeneity" is a more appropriate terminology). The extent of genetic divergence between primary and metastatic tumors (and the history of dissemination encoded therein) is beginning to be investigated, but relatively few patient data are currently available. The canonical "linear progression" model of metastasis states that a genetically advanced cell metastasizes late in primary tumor development (9) (10) (11) . This aggressive clone generates new metastases in a so-called "metastasis shower" (12) . Linear progression predicts that metastases will be genetically similar to the primary tumor and to each other. The alternative "parallel progression" model (9) posits that metastasis occurs early in tumor evolution and consequently expects metastases to be substantially different from one another, and from the primary tumor, because they evolve separately over long periods of time. As more data become available, both scenarios can likely be corroborated. Importantly, different modes of metastasis may be prevalent in different cancer types. For example, studies of pancreatic adenocarcinoma (7) and triple-negative breast cancer (8) demonstrated that the primary tumor and its metastases share a majority of mutations, thereby indicating late dissemination. A recent comparative sequencing study in renal cell carcinoma, on the other hand, found substantial genetic divergence among primary and metastatic tumors (5) . Notably, however, two metastases in distinct anatomical locations were almost identical to one another, suggesting a common founder clone related to a spatially discrete portion of the primary tumor. This example highlights how studying intratumor heterogeneity and mitotic history can reveal the evolution of systemic disease. Many clinically relevant questions in this area remain unanswered. What role does heterogeneity play at different progression stages? Clonal diversity in early, preneoplastic lesions increases the risk of malignancy (13) ; the final step of disease advancement, metastasis, on the other hand, appears to go hand in hand with a steep drop in intracancer heterogeneity (14) . Does heterogeneity increase resistance to therapy (15) , or is homogeneity created by the late expansion of a particularly aggressive clone associated with resistance?
Addressing these and other questions about the evolution of metastatic cancer will require analyzing large numbers of Significance Genetic heterogeneity in systemic cancer is of great clinical interest because it impacts therapeutic response and reflects how tumor cells grow and spread. We present a methodology that enables efficient evaluation of intratumor heterogeneity in patients through analysis of neutral somatic variation hotspots. Using only 20 genomic markers, we demonstrate a unique pattern of clonal diversity in each patient. Some tumors are significantly more diversified than others. Our data suggest that distinct clones can give rise to lymphatic and distant metastases. Our methodology is applicable to other human cancer types and facilitates high-throughput investigation of tumor evolution.
patients with different types of tumors. Ideally, whole genome or exome sequencing would be performed on multiple specimens from each patient. With sequencing capacities continually rising, this approach will likely become feasible in the future. Presently, although, only large genome centers can regularly generate and process datasets of this magnitude. A further complication is that broad DNA sequencing of most archival clinical specimens is precluded due to a lack of patient consent. To study intratumor heterogeneity more efficiently, and therefore more widely, it would be expedient to target selected regions of the tumor genome that are enriched for somatic variation. Genes frequently altered in cancer are an option, but because driver mutations affect competitive advantage, their distribution may not reflect the correct phylogenetic relationships among tumor cell populations. Accurate reconstruction of cell division and migration events that occurred during tumor evolution can also be achieved with neutral genetic markers. Short repeats (microsatellites) in noncoding regions are especially suited for this purpose. Due to replication slippage (16) , mutations are introduced frequently but presumably have no effect on fitness. In patients with DNA mismatch repair (MMR) defects and resulting microsatellite instability (MSI), variation in dinucleotide repeats has been used to study several aspects of tumor progression (17) (18) (19) , but mutation rates in tumors with intact MMR are too low to make this approach widely applicable (20) .
Recent research identified a particularly mutable class of polyguanine (poly-G) repeats as a hotspot of somatic variation even in normal cells (21) . Analysis of poly-G repeats has successfully been used to study phylogenetic relationships between single cells in mouse development (22) (23) (24) and has been adapted for detecting preneoplastic clonal expansions in ulcerative colitis patients (25) .
Here we show that analysis of poly-G repeats can determine lineage relationships in human cancer. We analyze a cohort of 22 colon cancer patients and find that most tumors contain an abundance of poly-G variants. We use poly-G mutation profiles to build well-supported phylogenetic trees that show ancestral relationships between primary tumors and their metastases. Our work demonstrates how a simple and highly scaleable assay can be used to generate reliable maps of clonal architecture in formalin-fixed and paraffin-embedded (FFPE) tumor samples.
Insertions/deletions of one or more base pairs (bps) in poly-G runs are a byproduct of normal replication. Human DNA polymerase replicates unique sequences with high fidelity, but replication accuracy significantly decreases in short tandem repeats (26, 27) . Guanine homopolymers are particularly prone to replication slippage errors and can have mutation frequencies as high as 10 −4 per base per cell division (28) . Fig. 1 illustrates schematically how poly-G variants accumulate in genetic lineages as the zygote divides to give rise to the trillions of cells that constitute the adult human. A given poly-G tract has a certain probability of undergoing an insertion or deletion mutation during each division. This probability depends on a variety of factors, including the composition of the sequence surrounding the poly-G tract (26) , and generally increases with repeat length (29) . Because mutations are inherited by all daughter cells, each cell's unique mutational profile encodes its cell division history and its location in the organism's "cell lineage tree" (30) (31) (32) . If single cells were isolated and their genomes individually analyzed, it would be possible to reconstruct the phylogenetic relationships between them, as has been demonstrated in murine development (22) and cell culture (21) using poly-G tracts, other microsatellites (30, 32) , or random genomic regions (33) as lineage markers.
The primary drawback of this approach is that it can be very challenging to expand single cells from normal tissue to generate sufficient material for sequence analysis, and whole genome amplification can introduce artifacts for which it is difficult to control. In bulk tissue analysis, on the other hand, the genomes of hundreds of thousands or millions of cells from divergent genetic lineages are combined in one sample and the mutational profile of any single cell is rendered undetectable. Even in relatively homogeneous tissues, such as the liver parenchyma, cells derive from many different branches of the cell lineage tree because extensive mixing occurs during development (22) . The result is that at any given locus, most cells will not be mutated. Analyzing a bulk tissue sample therefore yields the genotype of the most recent common ancestor of all cells-that is, the zygote or "germline" genotype in the case of normal tissue (34) .
A fundamentally different scenario arises during carcinogenesis, as one transformed cell begins to proliferate and create a locally confined population of daughter cells that are all closely related to each other. Sampling this population will reveal the genotype of the most recent common ancestor-the tumor founder cell. As the tumor grows, it accumulates new mutations that may become detectable if a clone becomes locally dominant or metastasizes to form a colony of homogeneous progeny at a distant site. Phylogenetic analysis relying on bulk tissue samples is therefore uniquely possible in cancer because clonal expansions unmask genetic variants that can be used to trace lineage. The right panel of Fig. 1 shows examples of poly-G tract genotypes in normal (polyclonal) human tissue, a primary tumor, and its metastasis. Because poly-G tracts are inherently hypermutable, Taq polymerase slippage during PCR generates a fragment distribution instead of a single product. This fragment distribution (0000) represents the genotype of the zygote at four hypothetical poly-G alleles. During each cell division, an allele has a defined probability of undergoing a length alteration, noted as -1 for a deletion and +1 for an insertion. As cells divide and acquire mutations during development, extensive mixing occurs (black arrows between tree branches). As a result, mature tissues consist of cells that are derived from all branches of the tree, all harboring distinct mutational profiles. When a sample of normal tissue is analyzed, a majority of cells will not be mutated at any given locus, and the sample will have the zygote genotype (blue bar symbolizing cell composition of normal tissue sample). During tumorigenesis, the clonal expansion of one founder cell leads to a locally confined population of cells that all share its genotype (red bar) and can thus be differentiated from the zygote genotype. The founding of a monoclonal metastasis (green bar) is analogous. The right side shows examples of poly-G genotypes for marker Sal45 for normal tissue, a primary colon cancer, and a metastasis to the ovary. A family of fragments is generated during PCR due to the high mutability of poly-G tracts. The highest intensity peak (in this example, 129 bp in normal tissue, 130 bp in the primary tumor, and 132 bp in the metastasis) corresponds to the true length of the poly-G tract in the sample; adjacent peaks are created by slippage of Taq polymerase during amplification.
or "PCR stutter distribution" can be precisely quantified, at single bp resolution, by capillary electrophoresis following PCR with fluorescent primers. The highest intensity peak represents the true genotype. If a tumor sample stutter pattern shifts from the normal reference derived from the same patient, then that sample contains new mutated alleles (SI Appendix, Fig. S1 contains representative examples of poly-G mutations and demonstrates PCR reproducibility). The presence of two primary peaks reflects heterozygosity in a sample. We sought to determine whether mutations in poly-G sequences could be found in human colon cancer patients.
Results
Poly-G Mutations Are Present in Most Colon Cancers. We began by screening a cohort of 22 human colon cancers for somatic mutations in a panel of 20 poly-G tracts. The cases in our cohort were consecutive patients who underwent colectomy and received a diagnosis of invasive carcinoma at Massachusetts General Hospital (see Materials and Methods for more details on patient selection). Anonymized patient information (pathological diagnosis, tumor size, histologic grade, stage, anatomic location of the tumor, neoadjuvant therapy, etc.) is presented in SI Appendix, Table S1 . Because our ultimate goal was to study metastatic progression, we further subselected patients who had at least three lymph node metastases and/or distant metastases. Next, we screened matched pairs of primary tumor and normal tissue for poly-G variants at 20 genomic loci. DNA was extracted from FFPE tissue cores and subjected to poly-G tract profiling. Mutated alleles were found in 91% of patients ( Fig. 2A and complete genotype information in SI Appendix, Table S2 ). As expected, colon cancers with MSI harbored the most alterations. Nevertheless, MSS tumors also contained abundant mutations.
These mutations were qualitatively different from those observed in MSI cancers, indicating slippage errors during normal DNA replication rather than defective DNA MMR. Loss of DNA MMR proteins, such as MLH1 and PMS2, leads to frequent generation of new alleles in the growing tumor and results in a distinctively broadened stutter distribution. The changes that we observed in MSS tumors, on the other hand, typically consisted of a shift of the stutter pattern by 1 or 2 bp without broadening of the distribution, pointing to the presence of just one new allele that was shared by a large percentage of sampled cells (Fig. 2B) . Characteristics of mutations found in MSS tumors are detailed in SI Appendix, Fig. S2 . We found 66 (80%) deletions and 17 (20%) insertions. The same 4:1 ratio of deletions to additions was previously reported in a study of poly-G mutations in ulcerative colitis patients (25) , implying that replication slippage in poly-G tracts preferentially leads to loss of repeat units. The preponderance of deletions also suggests that most of the observed changes were not caused by loss of heterozygosity (where longer and shorter alleles would have an equal chance of being affected). Eighty-three percent of alterations involved 1 bp, and 17% involved 2 or 3 bp. We do not know whether larger mutations (>1 bp) arose in a stepwise fashion or during a single larger replication slippage event.
Alterations involving multiple bases do occur in poly-G repeats, albeit less frequently than single bp mutations (28) . Therefore, for the overview in Fig. 2A , we counted every alteration, regardless of its magnitude, as one mutation. Given the relatively small percentage of larger changes, we do not expect misclassification of step-wise mutations as one-time events to be a significant source of bias. In contrast to MSS tumors, MSI tumors contained an abundance of large mutations between 4 and 13 bp (SI Appendix, Table S2 ). Ninety-six percent of these 84   T4  T4  T4  T3  T3  T3  T3  T4  T3  T3  T4  T3  T4  T4  T4  Rec  T4 B   MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS  MSS MSI  MSI  MSI  MSI   M1  M1 M1  M1  M1 M1  M1  M1 M1  M1  M0  M0  M0  M0  M0  M0  M0  M0  M0  M0  M0 M0 , extent of invasion (Rec, blue, recurrence, no primary tumor; T1, yellow, into submucosa; T2, yellow, through submucosa and extending into muscularis propria; T3, orange, through muscularis propria into pericolorectal tissues; T4, red, through serosa), lymph node status (N1a, yellow, metastasis in one lymph node; N1b, yellow, 2-3 lymph nodes; N1c, yellow, tumor deposits in the subserosa, mesentery, or nonperitonealized pericolic or perirectal tissues without regional lymph node metastasis; N2a, orange, metastasis in 4-6 lymph nodes; N2b, red, seven or more regional lymph nodes), distant metastasis (M0, green, absent; M1, red, present), and histologic grade (H, red, high grade; L, green, low grade). (B) Genotypes for marker Sal52 in a MSS cancer (Upper) and a cancer with MSI (Lower). The presence of a multitude of alleles in the MSI sample leads to a broadening of the distribution, whereas a simple shift indicates a single mutation in the MSS tumor.
were deletions, consistent with previous reports of an increased deletion-to-insertion ratio in DNA MMR-deficient cells (28) . The mutational fingerprint of each cancer is composed of two distinct types of alterations: "founder mutations" that were already present in the cell of origin at the time of transformation and "progressor mutations" that accumulated during tumor development. Colonic stem cells divide very frequently-every 30 h by some estimates (35)-and would therefore be expected to accumulate large numbers of founder mutations over the years, with total mutational burden increasing with age. Recent studies show a correlation between age at diagnosis and total number of somatic mutations in acute myeloid leukemia (36) and colorectal cancer (20, 37) . We tested this correlation in our data after excluding MSI cases, as a distinct mutational mechanism is operational in these tumors. We found a significant positive correlation between patient age and mutation frequency (Fig.  3A) , suggesting that mutations already present in the genomes of normal founder cells at the time of tumor initiation constitute an appreciable portion of the poly-G tract mutation profile. Tumor size, lymph node status, and presence of distant metastases were not significantly associated with mutation frequency, but because we specifically selected cases with lymphatic or distant metastasis, our cohort is biased for patients with advanced disease and not suited for rigorously testing this relationship. Exposure to neoadjuvant chemotherapy was also not associated with the number of poly-G variants per tumor.
However, we did find a highly significant inverse correlation between mutation frequency and histologic grade (Fig. 3B ). Age and tumor grade were not associated. We excluded differences in tumor-derived DNA content as a confounding factor (Fig. 3C) . Representative histological images visualizing tumor cell content in low-and high-grade tumors are provided in SI Appendix, Fig.  S3 . A majority of high-grade cancers had mutation frequencies close to zero-that is, they harbored neither progressor nor founder mutations, even in the upper quartile of the age distribution. For example, patient C25 had a mutation frequency of 0% at age 71. Progressor mutations accumulate during tumor development, and their number could conceivably be low if a tumor founder cell already contains a particularly advantageous set of oncogenic mutations that allow it to expand rapidly. However, the lack of a substantial number of founder mutations is surprising. One possible explanation is that poorly differentiated tumors derive from a cell population with relatively short mitotic history, such as a distinct, quiescent stem cell population that divides more rarely than the colonic stem cell whose proliferation constantly replenishes the epithelial compartment (38) .
Poly-G Tract Profiles Generate a Map of Tumor Evolution. Founder mutations, by definition, are present in all tumor cells. Progressor mutations, on the other hand, may be differentially distributed across tumor regions and can be used for lineage tracing. To determine whether poly-G mutations could be used to reconstruct phylogenetic relationships between multiple tumor samples from the same patient, we selected four patients for deeper analysis. We collected between 8 and 15 spatially separated samples from different regions of the cancer (primary tumor mass, lymph node metastases, and distant metastases) and generated poly-G tract profiles for each sample using the same 20 markers used in our initial screen. (For tumors that were sampled repeatedly, we chose the primary tumor region with the greatest number of mutations for the overview in Fig. 2A.) To facilitate data analysis, we developed a semiautomated method for converting poly-G stutter distributions into genotypes (detailed in Materials and Methods and SI Appendix, Fig. S4 ). Finally, we created phylogenetic trees illustrating the lineage relationships between all sampled tumor parts. Every patient's tree provided unique insights into tumor evolution and metastatic progression. We have included phylogenetic analyses of four additional colorectal cancer cases in SI Appendix, Figs. S6-S9. Poly-G tract profiling assigns metastases to their tumor of origin. We began by examining a case in which the phylogenetic relationships were at least partially known. Patient C39 was a 66-y-old male who underwent total colectomy without neoadjuvant chemotherapy and was found to have two spatially separated foci of invasive carcinoma, a 5.5 cm tumor in the cecum that arose within an adenoma and a 6 cm tumor in the sigmoid colon (Fig.  4A ). Both cancers were low grade. One of the dissected lymph nodes near the inferior mesenteric artery revealed metastatic carcinoma in close proximity to the sigmoid tumor. We asked whether poly-G tract profiling could accurately link the lymph node metastasis to its tumor of origin in the sigmoid colon and moreover determine whether the two carcinomas had common or independent origins. We found seven variants in the most mutated parts of the cecal tumor and seven in the sigmoid lesion. That the tumors had the same number of mutations suggested similar mitotic ages, yet the mutations were largely mutually exclusive ( Fig. 4B and full genotype data in SI Appendix, Table  S3 ; because both tumors had similar numbers of mutations, only the sigmoid tumor is depicted in the overview in Fig. 2A) . The phylogenetic tree constructed from these data located the two tumors in two independent evolutionary branches with high confidence values based on 1,000 bootstrap replicates (Fig. 4C) . The lymph node metastasis was correctly assigned to the sigmoid tumor's branch. One year after the initial surgery, and after six cycles of adjuvant chemotherapy with folinic acid, fluorouracil, oxaliplatin (FOLFOX), two liver metastases (1 cm and 0.5 cm) were resected. We genotyped the smaller lesion, and phylogenetic reconstruction connected it to the same evolutionary branch as the sigmoid tumor and excluded the cecal carcinoma as a source of metastasis. Notably, the liver lesion had the same mutational profile as sigmoid tumor area ST1, which was removed before administration of adjuvant chemotherapy, indicating that in this patient, cytotoxic therapy had not substantially changed the poly-G tract profile.
Extensively diversified primary tumor gives rise to homogeneous metastases.
Patient C13 was an 83-y-old female with a 7.0 cm invasive colonic adenocarcinoma and metastases to the left and right ovaries (Fig. 5A) . All lesions were removed in one surgery; the patient did not receive any prior chemotherapy. The tumor was moderately differentiated (low grade), was MSS, and involved the ileum, ileocecal valve, and cecum. We generated poly-G tract profiles for three normal tissue samples, eight primary tumor samples, three right ovary metastasis samples, and four left ovary metastasis samples. (A detailed description of specimens based on the surgical pathology report and the full genotype data are provided in SI Appendix, Table S4 .) Fourteen loci were mutated in at least one sample, and each sample contained at least seven distinct mutations (Fig. 5B) . As expected, all normal samples had the same genotype across all poly-G tracts. The primary tumor, by contrast, was highly diversified. Tumor regions PT5 and PT7 clustered in a distinct branch that had segregated from the rest of the tumor very early in its evolution (Fig. 5C ). Neither region shared the majority of mutations found in other parts of the tumor, but instead harbored unique variants not found in any other sample. The ileal portion of the tumor (PT3-A and PT3-B) produced two samples that were identical to each other, yet distinct from the cecal part of the tumor. Tumor regions PT1 and PT6 shared a majority of mutations and were almost identical to samples from the ovarian metastases. All metastases clustered together on the branch with the greatest "depth" (39)-that is, the branch that contained the most mutated samples and was separated from the normal root by the greatest number of cell divisions. The tree allowed us to answer several important questions about this cancer's evolution. We observed extensive heterogeneity between different regions of the primary tumor, indicating that clonal populations had evolved locally for some time without intermixing. Some parts were so distinct from each other that we could not detect any shared mutations (e.g., PT5 vs. PT1). In contrast to the primary tumor, the metastases showed only minimal diversification. These results are consistent with Because each marker harbors a distinct and unique set of mutations, we simply denote them with mutation A (yellow), B (pink), and C (orange) for the purposes of the heatmap. Detailed mutation information, including magnitude and direction, is provided in SI Appendix. (C) Phylogenetic tree constructed by neighbor-joining. Confidence values for each interior branch were calculated from 1,000 bootstrap replicates and are displayed adjacently. Branches with confidence values below 70% were collapsed into polytomies (i.e., nodes that give rise to more than two branches because the available mutation information was not sufficient to further resolve lineage relationships at the desired confidence level). The tree was rooted using a normal tissue sample as an outgroup. As expected, all normal samples have the same genotype.
metastasis occurring in late stages of primary tumor evolution. Specifically, they imply that a genetically advanced clone (residing in PT1 or PT6) gave rise to both metastases or that one ovary metastasis gave rise to the other in quick progression (i.e., without further diversification). Retrograde metastasis (40) of the ovarian lesion clone to tumor regions PT1 and PT6 is an alternative explanation consistent with the data.
Lymph node metastases can be phylogenetically distinct from distant metastases. Patient C13's left and right ovary metastases were similar to each other, but we also found genetically divergent metastases. Patient C31 was a 48-y-old female who received neoadjuvant FOLFOX chemotherapy and underwent surgery for a 3.2 cm MSS adenocarcinoma located at the hepatic flexure and a large 13 cm metastasis to the right ovary (Fig. 6A) . The tumor had also metastasized to the mesenteric lymph nodes. We isolated four primary tumor samples, eight right ovary metastasis samples, and two tumor samples from the mesenteric lymph nodes. In the primary tumor, mutations were present in 33% of interrogated poly-G tracts ( Fig. 6B and full genotype data in SI Appendix, Table S5 ). As in patient C13, patient C31's phylogenetic reconstruction showed that the ovarian tumor was distinct from the primary cancer and formed the deepest branch of the tree (Fig. 6C) . The metastasis had a ∼40-fold larger volume than the primary tumor, implying that the metastatic clone must have been able to substantially increase its net growth rate (possibly this "growth spurt" happened in the early developmental stages of the metastasis, before it reached its large size). Because a relatively large number of mutations distinguished the primary tumor and the ovarian metastasis, they could have evolved separately for a substantial amount of time (consistent with parallel progression). However, we cannot exclude the possibility that we simply failed to sample the primary tumor region containing the subpopulation that gave rise to the metastasis. Interestingly, the ovarian clone did not spread to the lymph nodes: two independent samples from a large mass of matted lymph nodes were almost identical to the primary tumor in genetic composition across all markers. This finding shows that a primary tumor can contain multiple populations of clones with metastatic ability and raises the intriguing question of whether different routes of metastasis (lymphatic, hematogenous, intraperitoneal) are favored by genetically divergent cells.
A primary tumor and its widespread metastases are genetically homogeneous.
Poly-G tract profiling of patient C27, a 44-y-old male with a mucinous adenocarcinoma that had spread extensively throughout the abdominal cavity, revealed a fundamentally different tumor evolution pattern than patients C13 and C31. Patient C27's descending colon harbored a small 1.5 cm tumor continuous with a 34.5 cm lesion that had essentially replaced the greater omentum (Fig. 7) . In addition to this large mass, several serosal nodules and a splenic metastasis were resected after a course of neoadjuvant chemotherapy with FOLFOX and radiation treatment. The tumor had MSI, and the mutation rate was high with somatic alterations observed in 45% of interrogated loci (full genotype data provided in SI Appendix, Table S6 and mutation heatmap provided in SI Appendix, Fig. S5 ). In contrast to patients C13 and C31, whose samples revealed substantial variation, all specimens from patient C27 had similar poly-G tract profiles, and the topology of the resulting phylogenetic tree was flat (Fig.  7) . Evidently, the tumor grew from a small lesion in the colon into a large omental mass and seeded a number of metastases while undergoing no significant spatial diversification. This is particularly surprising because this tumor was larger than the tumors in either patient C13 or C31, and its mutation rate was elevated due to MSI. Both these factors would be expected to lead to increased levels of diversity across different regions of the neoplasm (1) . It therefore appears that one rapid clonal expansion that did not allow for regional "speciation" events created this cancer. Alternatively, patient C27's tumor cells may have had an exceptionally high motility, resulting in extensive mixing that rendered new clones generated during tumor growth undetectable. Both explanations, which are not mutually exclusive, point to an exceptionally aggressive phenotype. Future studies will determine whether spatial homogeneity is an adverse prognostic factor in colon cancer.
Poly-G Mutations Are Present in a Variety of Other Human Cancers.
By testing a small panel of human tumors at 12 or more poly-G loci, we found poly-G mutations in several cancer types in addition to colon cancer, including renal cell carcinoma, glioblastoma, cholangiocarcinoma, esophageal carcinoma, pancreatic islet cell tumor, breast cancer, and lung carcinoid tumor (SI Appendix, Tables S7 and S8 ). Our dataset is not comprehensive enough to determine average tumor mutation frequency in cancers other than colon, although ongoing investigation of a breast carcinoma cohort indicates that variants are less frequent in this cancer type, presumably because breast epithelial cells do not divide as frequently as colonic cells. Initial results suggest that the observed distinction between spatially heterogeneous and homogeneous tumors in colon cancer will also apply to other cancers. For example, one renal cell carcinoma showed a 33% mutation frequency, but most mutations were only detectable in select tumor portions (SI Appendix, Table S8 ). Analysis of a breast cancer (patient B1, Fig.  8A ) comprising two lymph node metastases and four tumor nodules separated by several centimeters indicated that all lesions had a common origin because they shared some variants. However, we also found heterogeneously distributed mutations that allowed us to deduce that tumor focus TF1 had seeded the larger lymph node metastasis LN2, whereas tumor focus TF4 contained a distinct mutational profile and had segregated early on in its evolution. By contrast, patient O1's (Fig. 8B ) malignant peripheral nerve sheath tumor showed homogeneity similar to patient C27's colon cancer. Patient O1 had a 14 cm calf tumor and a histologically similar 1.7 cm cancer on his left hand resected, and 1 y later, he underwent excision of a 6.5 cm lung metastasis. Poly-G tract profiling revealed identical mutations in all eight calf tumor and two lung metastasis samples, which suggests that the calf tumor was the source of the lung metastasis, whereas the tumor in his left hand showed no alterations and likely represented an independent transformation.
Discussion
We have shown that somatic mutations in noncoding poly-G repeats can be used to build maps of clonal architecture in human cancers. Poly-G tract profiling is sensitive enough to detect many distinct clonal populations within a tumor and produces reliable phylogenies that elucidate each patient's individual path of progression. The technique is widely useful in outlining clonal expansions that occurred during carcinogenesis.
In two patients with clear genetic divergence between primary and distant lesions, the metastases shared some alterations with the primary tumor but had also acquired private mutations. These data are consistent with previous findings in colorectal cancer (41) and pancreatic cancer (7) . Patient C13's cancer supports the late metastasis paradigm. Patient C31 could potentially represent a case of parallel progression because relatively few mutations were shared between the distant metastasis and the primary tumor, with the caveat that sampling of the primary tumor might have missed the region harboring the precursor of the ovarian metastasis. In two other patients (C39 and C27), primary tumors and metastases shared a majority of mutations and were phylogenetically indistinguishable at the given resolution.
In two instances, we had the opportunity to compare distant and lymphatic metastases. In one patient (C31), we found that cancer cells that had disseminated to the lymph nodes had the same genotype as the primary tumor, whereas a distant ovarian metastasis had a distinct mutational profile and contained many private alterations. Two plausible explanations exist for this re- sult. It is possible that after the ovarian metastasis had already formed, a sweeping clonal expansion occurred in the primary tumor and gave rise to the lymph node metastasis. However, this hypothesis does not account for the larger mutational load in the ovarian metastasis, which suggests that its founder clone had undergone a larger number of divisions than the clone dominating the primary tumor and the lymph node metastasis. An alternate explanation more consistent with our data is that large numbers of tumor cells continuously drain from the original site to the lymph node, which contains a polyclonal sample of cells from the primary tumor and is therefore indistinguishable from it. Future studies will determine, in a larger cohort of patients, whether genetic divergence between lymph node and distant metastases is a more general phenomenon. It would be of significant clinical and biological interest to evaluate whether lymphatic metastases might be formed through a distinctive migration mechanism.
Clonal diversity varies substantially between patients. Some tumors were diversified (C13, C31, B1), whereas others shared the same genotype across all primary and metastatic tumor samples (O1), in one case despite an elevated mutation rate caused by MSI (C27). We did not find any obvious connection between administration of chemotherapy before surgery and intratumor heterogeneity. For example, both patients C31 (diversified) and C27 (homogeneous) received neoadjuvant chemotherapy with FOLFOX. Although the "flat" clonal expansions (42) clearly represent younger entities than the diversified cancers (17), we currently do not know whether these differences in population structure are mirrored in divergent clinical behavior. Clonal diversity in the premalignant lesion of Barrett's esophagus represents a risk factor for future cancer development (13) , which suggests that heterogeneity promotes malignancy, but the situation may be different in established cancers and/or differ by cancer type. In breast cancer, intratumor heterogeneity, as defined by cell surface marker expression, correlates with the histopathological stage (43) , but how phenotypic heterogeneity relates to genetic diversity is not known. Determining whether genetic heterogeneity, or lack thereof, is associated with important clinical variables will be important in future studies. One limitation of our approach in this regard is that it relies on spatially distinct clonal expansions. Genetic heterogeneity within a sample cannot be detected if an allele is present at a frequency below 40-60% (25) . Subclonal diversity below this threshold would therefore have to be evaluated with complementary techniques such as fluorescence in situ hybridization (44) or deep sequencing (8) .
Our data further show a positive correlation between age at diagnosis and mutation frequency. Laiho et al. found a similar association when analyzing CA-dinucleotide repeats in colorectal cancers (20) . These results accord with growing evidence that a large proportion of mutations [more than 50% by some estimates (37) ] found in human cancers are not acquired during tumor development but are already present in the tumor founder cell. Mutations accumulate in normal cells but typically remain undetectable because no clonal expansion takes place. Recent work shows that after expansion of single normal human hematopoietic stem cells, comparable numbers of mutations can be observed as in acute myeloid leukemia (36) . Because cells in different human tissues proliferate at varying rates, the mitotic history of a tumor founder cell is likely a significant factor in the variation among cancer mutation rates (45) .
Intriguing in this context is that mutation frequency inversely correlates with tumor grade. Poorly differentiated tumors have significantly fewer poly-G mutations. Extending the argument that mutation frequency is codetermined by the mitotic history of the tumor founder cell, this observation suggests that less differentiated tumors might derive from a rarely dividing cell. In the colon, two distinct progenitor populations have been identified: one that is located among Paneth cells, expresses Lgr5, and displays the characteristics of an actively dividing tissue stem cell and another located at the +4 position, showing signs of quiescence (38) . It may be that poorly differentiated tumors arise from the latter population.
Exome-wide analysis of somatic alterations in colorectal cancers by The Cancer Genome Atlas (TCGA) shows a distribution of mutation frequencies that is remarkably similar to our findings (46) . Of 224 sequenced tumors, 16% were hypermutated with more than 12 mutations per megabase; in the remaining nonhypermutated tumors, mutation frequencies varied by approximately one order of magnitude. In our analysis, 18% of tumors LH, left hand nodule; LuM, lung metastasis; N, normal. Additions "Sec" and "P" indicate that the sample was analyzed twice, once using a biopsy punch (P) and then by retrieving tumor tissue from sections (Sec). Neighbor-joining tree with bootstrap values; branches with bootstrap values below 70% collapsed into polytomies.
had MSI and very high mutation rates. Mutation frequencies in MSS cancers, excluding cases with no mutations, ranged from 5% to 55%. It remains to be determined whether the association between mutation frequency and histologic grade exists for exonic point mutations, as tumor grade was not part of the standardized dataset for the TCGA study. Many mutagenic factors (such as exposure to carcinogens or oxidative stress) might have quantitatively different effects on single base exonic substitution rate compared with replication slippage-mediated intragenic/ intronic microsatellite mutation rate; we therefore do not necessarily expect to see the same effect in exome data. In summary, we have shown that a highly scaleable PCR assay of endogenous mutational hotspots can generate reliable lineage information in human cancer with low time and cost expenditures. We have used this assay to generate biological insights into the origin and progression of metastatic colon cancer. In many cases, analysis of 20 poly-G markers yielded sufficient information to build robust phylogenetic trees. It is unlikely that interrogation of additional loci would contribute substantial new information in those instances. However, a larger number of poly-G markers might be able to resolve lineage relationships in cases like patient C27, whose carcinoma showed limited intratumor heterogeneity through the lens of our standard 20 marker panel. Our methodology can be used with FFPE specimens, which are collected in hospitals around the world on a daily basis. Our study only used tissues that were also available to the pathologist at the time of diagnosis. It is conceivable that lineage testing could be quickly performed for individual patients to improve clinical decision processes, for example distinguishing multicentric lung cancer from intrapulmonary metastasis (47) . Because detecting mutated alleles in poly-G tracts does not require sequencing, patient privacy would be protected.
Compared with deep whole genome or exome sequencing, the resolution of poly-G tract profiling is relatively low, and the assay does not provide information on actionable mutations. Therefore, it is primarily useful for applications that focus on questions of lineage and clonality (as opposed to the study of causal variants) and require a large number of samples. Poly-G tract profiling could also be used as an efficient screening technology for selecting samples of interest for deeper analysis by nextgeneration sequencing.
Materials and Methods
Patient Selection and Tissue Collection. This study was approved by the Institutional Review Board of Massachusetts General Hospital, Boston. We searched the pathology database of Massachusetts General Hospital for patients who underwent surgery between 2010 and 2012 and whose diagnosis contained ICD9 code 153, "Malignant neoplasm of the colon." We reviewed the search results and selected 22 consecutive patients who underwent resection of a primary colon carcinoma along with at least three lymph node metastases and/or distant metastases. Eighteen patients were treatment naïve, three had received neoadjuvant chemotherapy, and one patient received neoadjuvant chemotherapy and radiation. Detailed patient information is provided in SI Appendix, Table S1 . Histologic grade and other tumor characteristics were copied from the "final pathological diagnosis" section of the official surgical pathology report (i.e., all classifications were made by a pathologist according to Massachusetts General Hospital standards). For each patient, we then reviewed all available histology slides and FFPE tissue blocks and selected areas of homogeneous tumor for sampling. Tumors with a predominant stromal component were excluded. By default, we used a 1.5 or 2 mm biopsy punch to extract cores of tumor and normal tissue directly from the block. For small tumor samples, we cut 10 μm tissue sections and macrodissected tumor cells after staining slides with a PCRcompatible stain (Histogene, Life Technologies). Samples were de-paraffinized with xylene, washed with 100% ethanol, air-dried, and incubated with Proteinase K overnight as previously described (48) . DNA was extracted with phenol-chloroform and precipitated with ethanol and sodium acetate. We estimate that the average tissue sample had a volume of 3 mm 3 and contained 9 × 10 6 cells.
Genotyping. A panel of primers flanking 35 poly-G tracts in the human genome was previously published (25) . We used a randomly selected subset of primers from this panel (20 loci were sufficient to generate reliable phylogenies in most of our patients). Marker identification numbers are provided alongside full genotype data in all SI Appendix tables. Forward primers incorporated a fluorescent dye (HEX or 6-FAM) on their 5′ end. Reverse primers contained a 5′ GTTTCTT "pigtail" sequence (49). Because our DNA was derived from FFPE tissue and heavily fragmented, we included 90 ng of DNA (as determined by spectrophotometry) in each reaction to ensure the reproducibility of stutter patterns. Every PCR was performed in triplicate in a 10 μL volume with 1 μM forward and reverse primers, 200 μM of each dNTP, 2.5 units Taq Polymerase, 1× PCR buffer, and 1× Q-solution (Qiagen) to facilitate amplification of GC-rich templates. After 42 amplification cycles, PCR products were resolved by capillary electrophoresis using an ABI Genetic Analyzer 3130xl. MSI was tested using the Bethesda Markers as described in ref. 50 . We did not distinguish between MSI-low and MSS tumors. Electropherograms were viewed with GeneMapper 4.0. The 22 tumor-normal pairs in our cohort were scored for the presence of mutations by visual comparison of the stutter distributions for each marker. If the tumor sample showed a consistent shift in the stutter pattern that was reproducible across all three replicates, we recorded a mutant genotype, denoting a repeat contraction with m[number of deleted bases] and an expansion with p[number of added bases]. If two distinct alleles were discernible and at least 6 bp apart, we scored them separately. Instances of loss of heterozygosity were not counted as mutations, but they were used as data points in the phylogenetic reconstruction. To facilitate analysis of multiple tumor regions from the same patient, we developed an automated approach that allowed us to compare stutter patterns across many samples in an objective manner. SI Appendix, Fig. S4 provides an overview of our algorithm. We exported peak information (size, height) from GeneMapper and fed it into an analysis pipeline within the R environment for statistical computing (www.R-project. org). For each patient and marker, we calculated pairwise correlation coefficients among all stutter distributions and used these as inputs to a hierarchical clustering algorithm. The resulting dendrogram divided all samples into categories that corresponded to different mutations. We examined the branches of the dendrograms and determined at which height to cut the tree based on three criteria: (i) Normal samples had to cluster separately from mutated tumor samples, (ii) replicates had to cluster within the same clade (allowing for some variation due to PCR failure), and (iii) all mutation categories could be verified by manual review of electropherograms. Genotype assignments were recorded in a matrix that contained the mutational status of every sample at 20 poly-G loci. Because we did not want to make assumptions about the likelihood of a particular allele distribution occurring, we treated mutations as unordered characters. This dataset was used for phylogenetic analysis.
Phylogenetic Reconstruction. We reconstructed phylogenies using two independent approaches. First, we calculated a distance matrix for each patient using an "equal or not" distance (31) . This method increases the distances between two samples if they have unequal genotypes, regardless of the magnitude of the difference. We then used neighbor-joining (51) in R to infer the phylogenetic relationships between samples. In the very rare case of missing values, we imputed them using the nearest neighbor. We used bootstrapping with 1,000 replicates to test the reliability of the resulting trees (52) and collapsed all interior branches with bootstrap values below 70% into polytomies. Next, we used Bayesian inference of phylogenya methodology that relies on a fundamentally different set of principles than neighbor-joining-to construct the phylogenies. The results were almost identical in all cases, confirming the robustness of our approach. Bayesian phylogenies and posterior probability values for all clades are presented in SI Appendix, Fig. S10 . We used the software MrBayes (53) with the same model parameters that were previously used for the analysis of poly-G tract mutation profiles (21) .
Other Statistical Analyses. Statistical analysis was performed in Prism (Graphpad) and R. We used linear regression to test the association between mutation frequency in MSS tumors and four variables of interest (tumor size, lymph node status, presence of distant metastasis at diagnosis, and age).We used a twotailed Mann-Whitney test to compare mutation frequencies in low-and high-grade tumors (n = 9 for each group after excluding MSI cases). We did not correct for multiple testing, as the number of tests was small and our sample size (n = 18) limited (with correction, the P value for the association between mutation frequency and grade would still be significant, but the association with age would not).
